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Introduction {#cmdc201600040-sec-0001}
============

Since it was isolated from the stem bark of the east African plant *Phyllanthus engleri* by scientists at the US National Cancer Institute,[1](#cmdc201600040-bib-0001){ref-type="ref"}, [2](#cmdc201600040-bib-0002){ref-type="ref"} englerin A (**1**) (Scheme [1](#cmdc201600040-fig-5001){ref-type="fig"}), a complex guaiane sesquiterpene, has attracted a lot of attention among the scientific community due to its selective inhibition of renal cancer cell line growth.[3](#cmdc201600040-bib-0003){ref-type="ref"} Several total syntheses of englerin A[4](#cmdc201600040-bib-0004){ref-type="ref"}, [5](#cmdc201600040-bib-0005){ref-type="ref"}, [6](#cmdc201600040-bib-0006){ref-type="ref"}, [7](#cmdc201600040-bib-0007){ref-type="ref"}, [8](#cmdc201600040-bib-0008){ref-type="ref"}, [9](#cmdc201600040-bib-0009){ref-type="ref"}, [10](#cmdc201600040-bib-0010){ref-type="ref"}, [11](#cmdc201600040-bib-0011){ref-type="ref"}, [12](#cmdc201600040-bib-0012){ref-type="ref"}, [13](#cmdc201600040-bib-0013){ref-type="ref"}, [14](#cmdc201600040-bib-0014){ref-type="ref"}, [15](#cmdc201600040-bib-0015){ref-type="ref"}, [16](#cmdc201600040-bib-0016){ref-type="ref"}, [17](#cmdc201600040-bib-0017){ref-type="ref"} and analogues[18](#cmdc201600040-bib-0018){ref-type="ref"}, [19](#cmdc201600040-bib-0019){ref-type="ref"}, [20](#cmdc201600040-bib-0020){ref-type="ref"}, [21](#cmdc201600040-bib-0021){ref-type="ref"}, [22](#cmdc201600040-bib-0022){ref-type="ref"}, [23](#cmdc201600040-bib-0023){ref-type="ref"}, [24](#cmdc201600040-bib-0024){ref-type="ref"}, [25](#cmdc201600040-bib-0025){ref-type="ref"} have been reported to date. Recently, two distinct mechanisms for englerin A′s anticancer activity have been proposed, agonism of protein kinase C theta (PKCθ)[26](#cmdc201600040-bib-0026){ref-type="ref"} and agonism of short transient receptor potential channels 4 and 5 (TRPC4/5).[27](#cmdc201600040-bib-0027){ref-type="ref"}

![Enantioselective synthesis of (−)‐englerin A (**1**) based on a stereoselective gold(I)‐catalyzed \[2+2+2\] alkyne/alkene/carbonyl cycloaddition.[6](#cmdc201600040-bib-0006){ref-type="ref"}](CMDC-11-1003-g001){#cmdc201600040-fig-5001}

We completed the enantioselective synthesis of (−)‐englerin A (**1**) and B (**2**)[6](#cmdc201600040-bib-0006){ref-type="ref"} in 18 steps and 7 % overall yield from inexpensive geraniol (**3**) via α,β‐unsaturated aldehyde **4** (Scheme [1](#cmdc201600040-fig-5001){ref-type="fig"}), following a similar approach to that used previously for the synthesis of (+)‐orientalol F and pubinernoid B.[28](#cmdc201600040-bib-0028){ref-type="ref"} Thus, the highly stereoselective intramolecular gold(I)‐catalyzed \[2+2+2\] alkyne/alkene/carbonyl cycloaddition[29](#cmdc201600040-bib-0029){ref-type="ref"} of 1,6‐enyne **5 a** led to advanced intermediates **6 a**--**c** with two different OR groups, which allow for the facile preparation of many derivatives.

Herein we report the synthesis and biological evaluation of a series of englerin A analogues prepared by following our synthetic route which allowed us to identify very active compounds with a double bond between C4 and C5. Interestingly, as part of the optimization and scale‐up, we found that only 1,6‐enynes of type **5 a** with this specific relative configuration react productively in the gold(I)‐catalyzed cascade reaction to form oxatricyclic compounds.

Results and Discussion {#cmdc201600040-sec-0002}
======================

The cinnamate and glycolate moieties are known to be key for englerin′s activity.[18](#cmdc201600040-bib-0018){ref-type="ref"}, [19](#cmdc201600040-bib-0019){ref-type="ref"}, [21](#cmdc201600040-bib-0021){ref-type="ref"}, [30](#cmdc201600040-bib-0030){ref-type="ref"}, [31](#cmdc201600040-bib-0031){ref-type="ref"} Therefore, to take advantage of the different advanced intermediates **6 a**--**c** generated through our synthetic route, our strategy consisted of adding these substituents to the oxatricyclic intermediates with various levels of unsaturation. In this way, we could have direct access to a set of analogues with great structural diversity.

The synthesis of an initial library of analogues started from the tricyclic structure **6 c** (Scheme [2](#cmdc201600040-fig-5002){ref-type="fig"}).[6](#cmdc201600040-bib-0006){ref-type="ref"} The free hydroxy group at position C4 was esterified under standard conditions to give cinnamate **7 a**, which could be further functionalized under Yamaguchi conditions[32](#cmdc201600040-bib-0032){ref-type="ref"} to give the glycolate product **7 b** in moderate yield. Together with this, the lactate derivative **7 c** was also synthesized. The lactate moiety has shown good activities in other analogues.[21](#cmdc201600040-bib-0021){ref-type="ref"} Following the total synthesis plan, **6 c** can be isomerized to **8 a** in two steps by an oxidation/reduction protocol,[6](#cmdc201600040-bib-0006){ref-type="ref"}, [28](#cmdc201600040-bib-0028){ref-type="ref"} allowing the synthesis of englerin A and B analogues with an extra unsaturation in the cyclopentyl ring (between C4 and C5). The cinnamate substituent was added by following the usual esterification method with cinnamoyl chloride, and the C9 alcohol was deprotected to give analogue **9 a** (45 % yield, two steps). Esterification under Yamaguchi conditions with the TBDPS‐protected glycolic acid followed by deprotection afforded analogue **9 b** (63 %, two steps).

![Synthesis of (−)‐englerin derivatives from **6 c**. *Reagents and conditions*: a) 1. cinnamoyl chloride, DMAP, Et~3~N, CH~2~Cl~2~, 45 °C, 2. TBAF, THF, 23 °C, 6 h: **7 a** 85 %, **9 a**, 45 %, **12 a** 66 %; b) 1. *esterification conditions*: RCOOH, DMAP, NEt~3~, 2,4,6‐trichlorobenzoyl chloride, toluene, 23 °C, 1 h, 2. *deprotection TBDPS conditions (when needed)*: TBAF, AcOH, THF, 4 h, 23 °C: **7 b** 58 %, **7 c** 76 %, **9 b** 63 %, **11 b**, 72 %, **12 b** 60 %, **12 c** 39 %, **12 d** 78 %, **12 e** 58 %, **12 f** 50 %; c) CrO~3~(2,5‐dimethylpyrazole) (3 equiv), CH~2~Cl~2~, 23 °C, 73 %; d) WCl~6~ (2 equiv), *n*BuLi (4 equiv), THF, 0→50 °C, 2 h, 82 %; e) \[Ir(py)(PCy~3~)(COD)\]\[BAr~F~\] (30 mol %), H~2~ (80 bar), CH~2~Cl~2~, 23 °C, 4 days, quant. (1:1 d.r.).](CMDC-11-1003-g002){#cmdc201600040-fig-5002}

Continuing with intermediate **8 a**, a hydrogenation of the sterically hindered tetra‐substituted alkene was performed using Pfaltz′s Ir catalyst,[33](#cmdc201600040-bib-0033){ref-type="ref"} leading to a separable 1:1 mixture of diastereomers **10 a**--**b**. Cinnamate derivatives **11 a**--**b**, **12 a**--**f** of both diastereomers were prepared under standard conditions. For the diastereomer with the same configuration as the naturally occurring englerin A, **11 a**, we wanted to synthesize a new derivative with an amine instead of a free hydroxy group. Thus, esterification with commercially available [d]{.smallcaps}‐Boc‐alanine led to **11 b**. Unfortunately, removal of the Boc group could not be achieved under the usual reaction conditions. For the other diastereomer **10 b**, the glycolate residue was also introduced to give **12 b** (60 %). Other ester derivatives **12 c**--**e** and carbonate **12 f** were similarly prepared.

This first library of compounds was tested against renal cancer cell lines A498 and UO‐31. The results are summarized in Table [1](#cmdc201600040-tbl-0001){ref-type="table-wrap"}. The first compounds synthesized from **6 c** with the cinnamate moiety at C4 and a double bond between C5 and C6 showed minimal cell growth inhibition of the two renal cancer cell lines. As already observed with englerin B, new compounds lacking the glycolate residue (R=H) showed much lower activity than those containing this ester. Compounds **9 b** and **12 b** showed interesting inhibition of growth against the A498 cell line. Only lactate **12 c** has a similar IC~50~ value to that of its glycolate counterpart, whereas the three other analogues **12 d**--**f** show much lower activity. The basic conclusion after this initial screening was that the C4−C5 unsaturated series and the *cis* ring fusion series are active and worthy of further exploration, whereas the C5−C6 unsaturated series was of no biological interest.

###### 

Biological activity of the first library of compounds.

  Cell line   GI~50~ \[μ[m]{.smallcaps}\]^\[a\]^                                                                
  ----------- ------------------------------------ ---- ---- ------- ------ ------ ---- ----- ----- ------ ---- ------
  A498        \>40                                 32   33   \<2.5   \>40   \>40   18   1.5   3.1   \>40   40   \>40
  UO‐31       \>40                                 31   32   10      \>40   \>40   22   8.2   16    \>40   40   \>40

\[a\] Results of preliminary screening to identify any activity present in the structures. Values were obtained by NCI′s internal two‐cell renal assays (see Supporting Information) by interpolation; these are rough estimates using five concentration points and duplicate wells per point at each concentration. The usual cutoff for cell growth inhibition in 48 h assays is 10 μ[m]{.smallcaps}. Note that compound **9 k** (Scheme [3](#cmdc201600040-fig-5003){ref-type="fig"}) was also tested using the internal two‐cell renal assay. The compounds with activity (**9 b**, **12 b**, **12 c**) were then tested in the NCI 60 screen (Table [2](#cmdc201600040-tbl-0002){ref-type="table-wrap"}).
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The good activity results observed with **9 b** are especially important, because early intermediates with this carbon skeleton are readily available by our gold(I)‐catalyzed synthetic route, in contrast to those requiring the non‐stereoselective hydrogenation of **8 a** (Scheme [2](#cmdc201600040-fig-5002){ref-type="fig"}). Therefore, we decided to focus our synthetic efforts on a second library of compounds maintaining the double bond between C4 and C5.

Scale‐up of our original synthesis[6](#cmdc201600040-bib-0006){ref-type="ref"} to the multigram scale (up to 50 g of geraniol) could be performed with minor changes in the first steps and with minor loss in enantioselectivity (Sharpless epoxidation 9:1 e.r., see Supporting Information). To further simplify the synthesis and to access new diastereomeric structures, a simple aldol reaction with 3‐methyl‐2‐butanone (instead of the stereoselective Denmark reaction) was performed to obtain an approximate 1:1 mixture of diastereomeric β‐hydroxy ketones **5 a**/**a'** (Scheme [3](#cmdc201600040-fig-5003){ref-type="fig"}). This mixture was directly submitted to the gold(I)‐catalyzed cycloaddition reaction. Surprisingly, instead of the expected 1:1 mixture of diastereomers at C9, **6 a** was the only product that could be isolated by column chromatography from the reaction mixture (30 % yield, 60 % based on **5 a** with 5*R*,10*S* configuration). Presumably the gold(I)‐catalyzed reaction **5 a'** with 5*S*,10*S* configuration is interrupted at one of the final cyclization reactions and fails to form the tricyclic skeleton. Although not atom‐economical, this procedure opened the door for quick access to derivatives of englerin with various substituents at the C7 position by the use of readily available ketones in the aldol reaction with aldehyde **4**. Thus, aldols **5 b**--**e** with cyclohexyl, phenyl, cyclopropyl, and *tert*‐butyl substituents were obtained as an approximate 1:1 mixture of diastereomers.

![Synthesis of derivatives **9 c**--**s**. *Reagents and conditions*: a) LDA, RCOMe, THF, −78 °C, 15 h: **5 a**/**a'** 78 %, **5 b**/**b'** 78 %, **5 c**/**c'** 70 %, **5 d**/**d'** 91 %, **5 e**/**e'** 80 %; b) \[*i*PrAuNCPh\]SbF~6~ (3 mol %), CH~2~Cl~2~, 23 °C, 5 h: **6 a** 30 %, **6 d** 32 %, **6 e** 24 %, **6 f** 19 %, **6 g**, 11 %; c) TBAF, THF, 23 °C, 12 h, 30--82 %; d) DMAP, imidazole, TBDMSCl, 23 °C, 69--84 %; e) 1. CrO~3~, pyridine, CH~2~Cl~2~, 23 °C, 1 h, 2. CeCl~3~(H~2~O)~7~, NaBH~4~, MeOH, 23 °C, 5 min, 43--70 %; f) WCl~6~ (2 equiv), *n*BuLi (4 equiv), THF, 0→50 °C, 2 h: **8 a** 82 %, **8 b** 74 %, **8 c** and **8 d** not isolated; g) 1. cinnamoyl chloride (or RCOCl), DMAP, Et~3~N, CH~2~Cl~2~, 45 °C, 4--12 h, 2. TBAF, THF, 23 °C, 12 h: **9 n** 48 %, **9 o** 58 % (3 steps), **9 p** 40 % (3 steps), **9 e** 43 %; h) 1. RCOOH, DMAP, NEt~3~, 2,4,6‐trichlorobenzoyl chloride, toluene, 23 °C, 1 h, and 2. TBAF, AcOH, THF, 4 h, 23 °C (deprotection of TBDPS group), **9 c** 27 %, **9 d** quant., **9 f** 81 %, **9 g** 80 %, **9 h** 53 %, **9 i** 41 %, **9 q** 66 %, **9 r** 38 %, **9 s** 78 %. With slight modifications (see Supporting Information): **9 j** 94 %, **9 k** 95 %, **9 l** 31 %, **9 m** 26 %. Ph*c*Pr=1,2‐*trans*‐cyclopropylphenyl.](CMDC-11-1003-g003){#cmdc201600040-fig-5003}

In all cases the gold(I)‐catalyzed reaction gave a single diastereomer, albeit in 11--32 % yield. Interestingly, the mixture of phenyl derivatives **5 c**/**c'** could be separated by semi‐preparative chiral chromatography (Supporting Information), and the two main stereoisomers were independently submitted to the gold(I)‐catalyzed reaction using \[*i*PrAuNCPh\]SbF~6~ under the standard reaction conditions. As predicted, only one of them led to oxatricyclic **6 e**, whereas the other stereoisomer gave an inseparable complex mixture of compounds from which no other cyclic structure could be detected.

With the oxatricyclic structures in hand (**6 g** was not studied in further detail because of the very low yield), the synthetic route was followed to get the corresponding englerin analogues with the unsaturation in the cyclopentyl ring, between C4 and C5, and isopropyl, cyclohexyl, phenyl, and cyclopropyl substituents at position C7 (Scheme [3](#cmdc201600040-fig-5003){ref-type="fig"}). Alcohol deprotection and protection strategies followed by the oxidation/reduction isomerization protocol[28](#cmdc201600040-bib-0028){ref-type="ref"} led to the key intermediates **8 a**--**d**, which were converted into a second library of compounds **9 c**--**s** by selective esterification reactions.

This second library of compounds was tested in the NCI 60 one‐dose screen (except **9 k** (Table [1](#cmdc201600040-tbl-0001){ref-type="table-wrap"}), **9 e** and **9 o** (not tested)), along with compounds **9 b**, **12 b**, and **12 c**. Compounds with apparent renal selectivity[34](#cmdc201600040-bib-0034){ref-type="ref"} were then tested in the NCI 60 five‐dose protocol at the high concentration of 10^−4^  [m]{.smallcaps} (Tables [2](#cmdc201600040-tbl-0002){ref-type="table-wrap"} and [3](#cmdc201600040-tbl-0003){ref-type="table-wrap"}, see Supporting Information for complete data). As expected, analogues with a free hydroxy group at position C9, namely englerin B derivatives **9 c**, **9 d**, **9 n**, and **9 p** displayed very low growth inhibitory activity. For the different esters of the alcohol at C6, acetate **9 h** had no activity against renal cancer cells, whereas the introduction of a longer chain in **9 f** resulted also in poor activity. On the other hand, the introduction of the cyclopropyl ring in **9 g** resulted in moderate GI~50~ values for the renal cancer cell lines, although an interesting selectivity for the RXF393 line could be observed.

###### 

Activity results for compounds with apparent renal selectivity.

  Cell line^\[a\]^   GI~50~ \[μ[m]{.smallcaps}\]^\[b\]^                                                                
  ------------------ ------------------------------------ ------- ------- ------- ----- ------- ------- ------- ------ -----
  786‐0              1.1                                  35      15      3.2     85    1.5     5.2     3.2     37     35
  A498               0.010                                0.034   0.24    0.23    2.2   0.021   0.095   0.10    0.74   2.2
  ACHN               0.017                                0.022   3.0     0.14    4.5   0.033   0.045   0.034   1.4    6.6
  CAKI‐1             0.39                                 1.1     11      6.2     13    5.9     13      11      13     23
  RXF 393            0.059                                0.13    0.041   0.011   8.9   0.029   0.039   0.022   35     29
  SN12C              1.0                                  20      9.3     1.5     10    0.32    1.1     0.74    19     28
  TK‐10              1.9                                  100     17      16      93    12      22      19      100    100
  UO‐31              0.015                                0.040   9.5     1.0     20    0.35    0.62    0.63    1.8    10

\[a\] The eight cell lines in the renal cancer panel characterized at the outset of the NCI 60 screening project are distinct in molecular, cytological, and clinical parameters, and are intended to be representative of different kidney cancers.[35](#cmdc201600040-bib-0035){ref-type="ref"} \[b\] Positive control standard adriamycin (NSC \#123127; see Supporting Information). Data are the average values of *n*=2 assays except **9 j** (*n*=1) and **1** (*n*=3); (−)‐englerin A as reference.
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Substitution of the glycolate appendix by the alanine and glycine derivatives **9 k**--**m** did not give good inhibition results. Poor potency and activity was observed in these three cases. The acetyl derivative **9 j** displayed better results, as it showed good selectivity for renal cancer cell lines, but with moderate GI~50~ values. The lactate analogue **9 i** gave an interesting selectivity profile and very good growth inhibition potency in some of the lines.

Englerin analogues with substitution of the isopropyl motif at C7 are rare. Previous analogues in which the isopropyl group is substituted by ethyl or methyl groups have been described by Christmann and co‐workers[18](#cmdc201600040-bib-0018){ref-type="ref"} and showed lower growth inhibition. Here, in the guaiane structure with a double bond in the cyclopentyl ring, we found that substituting the isopropyl group with a bulkier cyclohexyl in **9 q** was beneficial for the selectivity and growth inhibitory activity for most of the lines, relative to **9 b**. Adding the phenyl group at C7 in **9 r** also shows similar benefits and even lower GI~50~ values in some cases. In addition, the cyclopropyl analogue **9 s** shows good potency and selectivity against the growth of renal cancer cell lines.

The selectivity of the compounds listed in Table [2](#cmdc201600040-tbl-0002){ref-type="table-wrap"} was examined by using the COMPARE algorithm.[36](#cmdc201600040-bib-0036){ref-type="ref"} All of the compounds had meaningful Pearson correlation coefficients at the GI~50~ level of response with each other and with englerin A (Table [3](#cmdc201600040-tbl-0003){ref-type="table-wrap"}). Although **9 j** had somewhat lower coefficients than the rest, this can be attributed to its low potency. In fact, the correlation for NCI 60 tests of englerin A and englerin B acetate at the GI~50~ level, previously reported, is only 0.491, with englerin B acetate being 400‐fold weaker than englerin A.[1](#cmdc201600040-bib-0001){ref-type="ref"}

###### 

Matrix COMPARE at the GI~50~ level of response between selected englerin A analogues and englerin A (**1**).^\[a\]^

  ------------------------------------
  ![](CMDC-11-1003-g004.jpg "image")
  ------------------------------------

\[a\] Heat map colors indicate increments of 0.1 in the Pearson correlation; in the NCI 60 data, the statistical significance of differences in patterns has generally been drawn at a coefficient of 0.5.
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Conclusions {#cmdc201600040-sec-0003}
===========

In summary, we synthesized new englerin analogues by following our previously reported enantioselective synthesis of (−)‐englerin A. We found that our synthetic route is a good platform to access varied analogues, which allowed us to discover an unprecedented and easier way to synthesize a family of derivatives with a cyclopentene ring. In addition, novel analogues with substituents distinct from isopropyl could be prepared by a simple non‐stereoselective aldol reaction followed by a very selective gold(I)‐catalyzed cycloaddition reaction that furnished oxatricyclic products **6 a** and **6 d**--**g** as a single diastereomer and in good enantiomeric excess (minimum e.r. 9:1) from an epimeric mixture. The structure--activity relationship findings of this study are being used in the design of more potent and bioavailable drug candidates.
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